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Abstract 
This article presents a technique to describe the stress-strain state of the normal section of reinforced concrete beams using 
nonlinear deformation model. An algorithm of describing the section operation built with the use of mathematical apparatus in 
the «MathCAD» environment. This algorithm allowed details to consider the state of stress of the normal section on the basis of 
stepper-iterative and integrated processes using real materials deformation diagrams. During algorithmization of section 
operation, we determined stresses, strains, nonlinear coefficients, the center of gravity of real diagrams of stresses and strains, the 
coordinates of the vertices of normal cracks, boundaries compressed, tensioned and damaged zones of section and other. Modern 
positions in the theory of concrete strength were applied and refined. 
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1. Introduction 
One of the directions of further development of the theory of reinforced concrete is the use of nonlinear 
deformation model (hereinafter - NDM) for the research of the works of reinforced concrete structures. A significant 
number of works [1-4] shows the relevance of this research trend. These works consider various aspects of the 
application of NDM for the analysis of stress-strain state of normal sections of reinforced concrete elements. The 
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paper deals with the questions of the effective use of computer mathematical apparatus for improving NDM and 
major accomplishment, which are as follows: 
x The introduction of the diagrams of real material deformation into the algorithm for calculating on NDM [5,6]; 
x The high degree of application of integrated and iterative processes in the section calculation; 
x The use of mathematical programming for different combinations of elements of the equilibrium conditions; 
x Finding a wider range of geometric parameters of the normal section as in the process of loading and in an 
extreme condition; 
x Accounting for non-linear properties of the materials of the construction; 
x The high degree of convergence of the results with the experimental data; 
x Formation of the prerequisites for the creation of a full NDM for calculating the inclined section. 
2. The implementation of NDM in the computer environment «MathCAD» to study the stress state of the 
normal section of a bending element. 
Calculation algorithm is available in the format of programming blocks implemented in the working paper of the 
program: 
x The first block describes the geometric characteristics of construction and the loads applied thereto with the 
output of internal forces acting for any section along the length of the element (or height in the case of calculating 
column [7,8]); 
x The second block describes the state of physical and mechanical properties of materials used in the calculation 
are integrated into the calculation through a real stress-strain diagram, the specified function; 
x The third block – calculation of creep of concrete, with the installation of timer to control every step of loading 
throughout the construction life cycle [9,10]. The possibility of taking into account the time set design concrete 
strength is fulfilled; 
x The fourth block describes the characteristics of the algorithm of nonlinear deformation model, which includes: 
the number of sites of integration for the height / width of the cross-section and the number of cross-sections 
along the length (height) of the element and their geometrical characteristics; 
x The fifth block – the main core of the algorithm, which is a block-simulation of infinite steps of the iterative cycle 
search section of the equilibrium state with the output of the normal section calculation results. 
Fifth calculation block is based on the algorithm processing cyclic false condition «while», which arguments 
form the block execution condition and stop the cycle. Setting initial approximations and cycle line with the 
condition «while» are as follows: 
( , , ) : 1, 1(i) (j)Core i j Lx bx byQ Q m m&  
1
s
Q m&  
1sQ m&  
     100% 0.1% 100% 0.1%while M L M M L N N Nx x xp x x b s b§ · t   t¨ ¸© ¹& < <  
Search of equilibrium will be maintained as long as the condition is not violated false cycle, thus satisfied the 
required contact condition in this case – the observance of the calculation error. 
Stress-strain state of the normal section is characterized by the total work of flexural stiffness of all elementary-
sectional areas in different planes of the external load. Formulaic recording of the flexural stiffness of the 
elementary layers of the normal section described as follows: 
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The obtained flexural stiffness is necessary to describe the curvature of the element along its length. The 
curvature will affect the redistribution of relative strains in normal cross-sections along the length of the element 
[11,12], then the curvature is used in the calculation of structural deformations [13].  
Relative strain of the gravity center of the section is the starting point for calculating the strains of each 
elementary site of the cross-section. The strains are calculated on the basis of the provisions of the level of the 
internal force, connecting the center of gravity and area under consideration, thereby forming linear strain 
distribution diagrams along the height / width cross-section, based on the hypothesis of Bernoulli [14,15]. An 
algorithm for calculating the relative strains in the compressed, tensioned reinforcement and around the section of 
concrete on the height / width recording as: 
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The obtained values of relative strains allow to obtain the values of the normal stress (according to the laws 
described real diagrams of deformation reinforcement and concrete) on each elementary area of the concrete section 
and in sections of the compressed and tensioned reinforcement. Epure of stresses has a curved shape, based on the 
actual deformation diagrams, and at each stage of loading epure of stresses will change shape, following the 
transition from the elastic stage of work, through the elastoplastic, to the plastic stage of section work until the 
moment of destruction. The moment of destruction will be characterized by achievement of a relative deformation 
on the fiber cross-section limits of compression or tension. Calculating the normal stresses in the compressed and 
tensioned reinforcement, as well as all the concrete section on the height of the element are as follows:  
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Figure 1 reflects the behavior of the epure of normal stresses on the cross-section of concrete on the height of 
element at different loads. 
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Fig. 1. Epures of normal stresses in the concrete at low load (left) and at the ultimate load (right). 
In order to get the redistribution of stresses in height / width of the section, it is required in each subsequent 
iteration to recalculate the coefficients of the nonlinearity of materials for the item, which will seek from 1 to 0, 
changing the stress-strain state of the section. Thus, the core of the algorithm on the last iteration of the cycle 
produces a general account with the final value of the nonlinear coefficients, forming the equilibrium state of the 
normal section with the required accuracy of the solution conditions at «while» operator. Calculation of the 
nonlinearity coefficients of materials, which are substituted at the latest iteration, described as: 
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After calculation of the algorithm at the last iteration, it is made the calculations of the internal bending moment, 
resultant internal forces and all the geometric parameters of the normal section under loading condition to check his 
balance and calculate the final error of the solution, for example as follows: 
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After determining the error of the solutions and checking the conditions specified by the user, the algorithm 
calculates the geometric characteristics of the normal section: height of the compressed zone, the section line of the 
compressed zone of the apex inclined crack, centers of gravity of pieces epures of stresses, position the top of the 
normal crack, coordinate the zero line, the level of inner pair of forces, position and the value of resultant stresses, 
extremes of stresses function, etc.  
The final results of the calculation algorithm are displayed in an array of parameters, containing the description 
of the parameter and its value. The name of array contains the variables selected section height / width / length of 
the element. Table 1 show the data output of a core of the algorithm. 
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The parameters that describe the stress-strain state of the normal cross section (table 1) will be introduced in the 
6th block of the algorithm for calculating the inclined section. It includes the calculation of the shear stresses in a 
normal cross-section, the local compressive forces near the action of an external load zone, the search of section line 
coordinate of the compressed zone apex inclined crack. 
Table 1. Data output of the core of algorithm 
Parameters Values 
Error į, % 0.005 
Curvature in the section 1/Rx, 1/m 0.005 
Curvature in the section 1/Ry, 1/m 0 
Total curvature 1/R, 1/m 0.002 
Strain İ0 0 
Strain İs 0.001 
Strain İb -0.001 
Stress ıs, MPa 251.945 
Stress ıb, MPa -19.873 
Height of the compressed zone, mm 159.311 
Position the top of the normal crack 227.3 
Resultant stresses Nb, kN -337.588 
Resultant stresses Nbt, kN 26.705 
Resultant stresses Nbtot, kN -310.883 
Resultant stresses Ns, kN 310.271 
Internal bending moment Mxp, kNm 112.506 
Internal bending moment Myp, kNm 0 
 
Figures 2 and 3 are a visualization of the calculation results of the 6th block algorithm. Figure 4 shows the 
comparative histogram for the relative strains, calculated based on the results of calculation and obtained by strain 
gages in the course of the experiments [16-20]. 
The average value of the error between the calculated and experimental values is 11%. 
 
Fig. 2. Diagrams of local stresses near the compression load (left) and shear stress in the normal section (right). 
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Fig. 3. Diagram of normal stresses in normal section above and below the top of the inclined crack, centers of gravity of the relevant parts of the 
diagram. 
 
Fig. 4. Comparison of the results of calculation of relative strains with the experimental data. 
3. Conclusion 
The results obtained by the proposed algorithm calculations give good agreement with the results of experimental 
studies [16-20], which indicates the reliability of the developed technique based on advanced positions NDM. The 
results of the numerical studies allow us to conclude that NDM proposed improvements provide a high degree of 
convergence of the calculated and experimental data and make it possible to use this method for the analysis of 
stress-strain state of reinforced concrete structures at all stages of its work. 
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